The Chudley-Lowry syndrome (ChLS, MIM 309490) is an X-linked recessive condition characterized by moderate to severe mental retardation, short stature, mild obesity, hypogonadism, and distinctive facial features characterized by depressed nasal bridge, anteverted nares, inverted-V-shaped upper lip, and macrostomia. The original Chudley -Lowry family consists of three affected males in two generations. Linkage analysis had localized the gene to a large interval, Xp21 -Xq26 and an obligate carrier was demonstrated to have highly skewed X inactivation. The combination of the clinical phenotype, consistent with that of the patients with ATR-X syndrome, the skewed X-inactivation pattern in a carrier female, as well as the mapping interval including band Xq13.3, prompted us to consider the XNP/ATR-X gene being involved in this syndrome. Using RT-PCR analysis, we screened the entire XNP/ATR-X gene and found a mutation in exon 2 (c.109C4T) giving rise to a stop codon at position 37 (p.R37X). Western blot and immunocytochemical analyses using a specific monoclonal antibody directed against XNP/ATR-X showed the protein to be present in lymphoblastoid cells from one affected male, despite the premature stop codon. To explain these discordant results, we further analyzed the 5 0 region of the XNP/ATR-X gene and found three alternative transcripts, which differ in the presence or absence of exon 2, and the length of exon 1. Our data suggest that ChLS is allelic to the ATR-X syndrome with its less severe phenotype being due to the presence of some XNP/ATR-X protein.
Introduction
The Chudley -Lowry syndrome (ChLS, MIM 309490) is an X-linked recessive condition characterized by moderate to severe mental retardation, short stature, mild obesity, hypogonadism, a low total finger ridge count, and a distinctive face characterized by bitemporal narrowness, almond-shaped palpebral fissures, depressed nasal bridge, anteverted nares, short inverted V-shaped upper lip, and macrostomia. The original family previously described by us had three affected males in two generations. 1 Linkage analysis had localized the morbid gene to a large interval, Xp21 -Xq26. Subsequently, an obligate carrier was demonstrated to have a highly skewed X-inactivation pattern (95:5) (FE Abidi and CE Schwartz, unpublished data).
The clinical signs observed in these patients, particularly the facial dysmorphism and the mental retardation, were suggestive of the ATR-X syndrome [MIM 301040]. 2, 3 The gene involved in the ATR-X syndrome, named XNP/ATR-X, maps to Xq13.3 and contains both zinc-finger and helicase domains. This gene has been found to be responsible for several other syndromes such as Juberg -Marsidi, 4 Carpenter -Waziri, 5 Holmes -Gang, 6 Smith -Fineman -Myers syndromes, 7 and one form of XLMR with spastic paraplegia. 8 All these syndromes, now designated as the XLMRhypotonic facies syndromes, 6 have characteristic facial dysmorphology, severe mental retardation, and a highly skewed X-inactivation pattern in obligate carrier women. 8 All these data suggested the XNP/ATR-X gene as a good candidate for ChLS. To test this hypothesis, we performed direct sequencing of the entire coding region (7476 bp) of the XNP/ATR-X gene and identified a nonsense mutation in exon 2 resulting in a stop codon at position 37 (p.R37X). Moreover, using Western blot analysis, we found that the XNP/ATR-X protein was present in the lymphoblastoid cells isolated from the proband. Based on this result and published data describing an alternative splicing event involving exon 6, we looked for transcripts with different 5 0 -ends of the XNP/ATR-X gene. 9, 10 Here, we describe three alternatively spliced transcripts, which are different in the first two exons of the XNP/ATR-X gene and lead to potential proteins differing in their NH 2 -terminal regions. Two transcripts result from the utilization of different splice donor sites within exon 1 and the third consists of an alternative splicing out of the exon 2. The isoform lacking exon 2 or the utilization of a downstream initiation codon would explain the expression of some XNP/ATR-X protein in patients with ChLS, and the fact they are less severely affected than most ATR-X patients. Our findings confirm the hypothesis that the ChLS was allelic to the XLMRhypotonic facies syndromes (ATR-X).
2,6
Materials and methods
Patients
We previously described three males of the same family affected by the ChLS. 1 The proband ( Figure 1a , V-3) and two maternal uncles (IV-5, IV-6) were re-examined in 2002. RT-PCR and sequence analysis Total RNA was extracted from Epstein -Barr virus (EBV)-transformed lymphoblasts from the proband, using the GenElute TM Mammalian total RNA kit (Sigma, St Louis, MO, USA). 13 The total RNA was treated with 1 U of DNaseI (Invitrogen, Carlsbad, CA, USA) for 15 min at room temperature followed by a purification step using the RNAeasy Mini kit (QIAGEN, Valencia, CA, USA). Messenger RNA was extracted from the various sources using the QuickPrep mRNA purification kit, according to the instructions of the manufacturer (Amersham Biosciences, Piscataway, NJ, USA). Approximately 3 -5 mg of total RNA or 500 ng of mRNA was used in the first-strand cDNA synthesis with random hexamer primers using the SuperScript first-strand synthesis system for RT-PCR (Invitrogen, Carlsbad, CA, USA). A 1 10 volume of template was used in 50 ml of PCR mixture, containing 10 mM of each primer, 250 mM of dNTPs, 1 Â PCR buffer (10 mM Tris, 50 mM KCl, 1.5 mM MgCl 2 (pH 8.3)) and 1.5 U Taq polymerase (Sigma, St Louis, MO, USA). PCR conditions were as follows: 951C for 5 min, followed by 30 -35 cycles of 951C for 30 s, 55 -601C for 30 s, and 721C for 50 s, followed by a final extension at 721C for 7 min. In total, 15 sets of overlapping primer pairs were designed to analyze the entire ORF (7476 bp) of the XNP/ATR-X gene. Primers, ATRX-cDNA1F (5 0 -atcggcgcccagcaatcacaga-3 0 ) and ATRX-cDNA8R (5 0 -tccaccttccgcacaccacctaca-3 0 ) spanning exons 1 -8 detected the alteration described in this paper. Primer sequences for the rest of the coding region are available upon request. Primers 5 0 H2 (5 0 -ggtgtcgctttgtttccgcg-3 0 ) and 5 0 KR (5 0 -gacgatcctgaagacttggat-3 0 ) were also used to look for the presence and expression of alternative transcripts corresponding to the XNP/ATR-X gene. RT-PCR products were run on an agarose gel to confirm fragment size followed by a purification step through QIAGEN columns. Products were sequenced in both directions on an ALF DNA sequencer (Amersham Biosciences, Piscataway, NJ, USA) using the Thermosequenase Cy TM 5 dye terminator kit (Amersham Biosciences, Piscataway, NJ, USA) according to the manufacturer's protocol. The DNASTAR program was used for alignment and analysis of the sequences.
Mutation Analysis
The c.109C4T alteration created an NlaIII site. New primers, XNP-Ex2BF (5 0 -agaagcttcatgacttccttgcac-3 0 ) and XNP-Ex2BR (5 0 -aggggcttctataaagcttgctaatct-3 0 ), were designed to amplify the region spanning the alteration. The 242 bp product was then digested with NlaIII (NEB, Beverly, MA, USA) and the digestion products were run on a 2.5% agarose gel. The normal sequence yielded fragments of 12 and 230 bp, whereas the altered sequence resulted in fragments of 12, 52, and 178 bp. To rule out a rare polymorphism, 100 X chromosomes from normal males were tested and none of them had this alteration.
Protein extraction and Western blot analysis
Proteins were extracted from lymphoblastoid cell lines of a normal individual, the proband V-3, and an ATR-X patient (p.R246C) using a modified lysis buffer (50 mM Tris-HCl (pH ¼ 7.4), 100 mM NaCl, 0.4% NP-40, pepstatin 10 mg/ml, 10 mM b-mercaptoethanol, 50 mM NaF, 1 mM Na 3 VO 4 , 30 mM pyrophosphate, 1 mM phenylmethylsulfonyl fluoride, and protease inhibitors) (CompleteMini, Roche, Indianapolis, IN, USA) by mixing for 5 min at 41C. The extracts were centrifuged at 40 000 r.p.m. for 30 min at 41C in an ultracentrifuge tube and the supernatant was frozen at À801C. Protein expression was assessed by Western blot analysis. In brief, samples were boiled and resolved by SDS-PAGE on 6% gels, which were subsequently transferred to a PVDF Western blotting membrane (Roche, Indianapolis, IN, USA) at 10 V using the Novex Xcell II electrophoretic blotter (Invitrogen, Carlsbad, CA, USA) in a buffer of Trisglycine/20% methanol. The membrane was blocked for 1 h in 5% or 10% skim milk powder in TBST (Tris-buffered saline with 0.05% Tween 20) at room temperature. The membranes were then incubated with the mouse Figure 1 Segregation analysis of the c.109C4T mutation in family K8937. The PCR product was generated using primers XNP-Ex2BF and XNP-Ex2BR, digested with NlaIII and resolved on a 2.5% agarose gel. 14 HRP-conjugated secondary antibody was incubated with the blot for 45 min at room temperature. Enhanced chemiluminescence reagents were used for detection (ECL plus, Amersham Biosciences, Piscataway, NJ, USA).
Immunofluorescence staining
The cell preparations were obtained and treated as described previously. 14 After fixation, the cells were permeabilized with 0.1% Triton X-100 in PBS for 15 min at room temperature. Nonspecific staining was blocked with 1% bovine serum albumin (BSA) in PBS for 1 h before immunofluorescence staining. The cell preparations were incubated with monoclonal XNP antibody 2H12 (dilution 1:100) for 1 h at room temperature. 14 Following three consecutive 5 min washes in PBS, cells were incubated for a further 30 min with Cy3-conjugated Goat anti-mouse antibody at 1:40 dilution in PBS, 1% BSA. Slides were washed three times with PBS before counterstaining of nuclear DNA with DAPI stain (100 ng/ml) diluted in Vectashield (Vector laboratories, Burlingame, CA, USA). Preparations were observed under a fluorescence microscope (Zeiss Axioplan-2) and the images captured with a CCD camera (Photometric, Tuscon, AZ, USA). Information was collected and merged using IPLab spectrum software (Vysis, Downers Grove, IL, USA).
Results
ChLS is caused by a nonsense mutation within the XNP/ATR-X gene Mutation analysis of the XNP/ATR-X gene was performed by direct sequencing of the genomic regions coding for the two functional domains of the protein, which contain 85% of the mutations identified so far. 15 By this approach, we failed to find a mutation in either the zinc-finger or the helicase domains of the patient V-3 (data not shown). Therefore, we designed a RT-PCR strategy to analyze the entire coding region of the XNP/ATR-X gene using 15 sets of overlapping primers. Sequencing of the RT-PCR product spanning exons 1 -8 revealed a C4T substitution at position 109 in exon 2, resulting in a protein truncation (p.R37X). This nonsense mutation created an NlaIII restriction enzyme site in the abnormal sequence, which made it possible to test for segregation of the mutation in the family. The p.R37X mutation was found to segregate with the disease (Figure 1b) . Additionally, the proband's sister (V-4) and the two maternal aunts (IV-3, IV-7) were found to be carriers of the mutant allele ( Figure 1 ). This truncating mutation was not observed in 100 X chromosomes from normal individuals.
Since the presence of an X-linked mutation may cause the presence of skewed X-chromosome inactivation in the lymphocytes of carrier women, 16 we tested the X-inactivation profile in each woman of this family, using the AR gene polymorphic repeated sequence on DNA prepared from fresh blood samples. All the obligate carrier women exhibited a highly skewed X-inactivation pattern (Figure 1a) , which is consistent with findings previously reported for families with XNP/ATR-X mutations. 8 Mutation p.R37X does not completely abolish the expression of the XNP/ATR-X protein In order to determine the level of expression of the XNP/ ATR-X protein in the Chudley -Lowry patients carrying the p.R37X mutation, we performed Western blot analysis. A monoclonal antibody directed against the XNP/ATR-X protein was used on total cellular protein extracts from lymphoblastoid cell lines from a normal individual, the patient V-3, and an ATR-X patient carrying the missense mutation, p.R246C. 14 The latter patient was used as a negative control, since the mutation led to the absence of expression of the XNP/ATR-X protein. 14 A band of B280 kDa, attributable to XNP/ATR-X, was detected in the normal control as well as in the Chudley -Lowry patient but not in the ATR-X patient (Figure 2a) . We confirmed these results by using immunofluorescence staining with the monoclonal anti-XNP antibody performed on cell preparations of the same subjects. Similar staining patterns are observed in cell nuclei from the normal individual (Figure 2b(1) ) and the Chudley -Lowry patient (Figure 2b(2) ). In contrast, cell nuclei from the ATR-X patient with the p.R246C missense mutation exhibited a diffuse XNP/ATR-X staining (Figure 2b(3) ). Additionally, RT-PCR analysis demonstrated that the premature stop codon (p.R37X) does not affect the stability of the altered XNP transcript as amplification was achieved with all primer sets spanning the rest of the gene (data not shown).
Exons 1 and 2 of the XNP/ATR-X gene are alternatively spliced To explain how a truncating mutation in exon 2 can still result in the presence of XNP/ATR-X protein, we investigated in detail the 5 0 region of the XNP/ATR-X transcript by RT-PCR analysis, using primers 5 0 H2 and 5 0 KR located in exons 1 and 4, respectively. This strategy revealed that apart from the normal transcript (417 bp), which contains the p.R37X nonsense mutation, two alternative transcripts of 304 and 513 bp were also expressed (Figure 3a) . By direct sequencing of these two newly identified isoforms, we found that the smaller transcript (304 bp) lacks exon 2 and the larger transcript (513 bp) results from the utilization of a different splice site at the 3 0 -end of exon 1. The translation of each isoform is represented in Figure 3b .
In order to define the tissue specificity of these alternative transcripts, we analyzed their expression by RT-PCR in RNA extracted from different tissues (brain, liver, kidney, fibroblasts, lymphocytes, and placenta) and developmental stages (fetal and adult). As shown in Figure 3c , the normal transcript is the most abundant one in each tissue tested and the transcript lacking exon 2 is present in all samples, but at a much lower level. In contrast, the larger transcript is expressed at a very low concentration in lymphocytes and adult liver and is not present in placenta and fetal liver (Figure 3c ). Moreover, in some tissues such as in fetal liver (Figure 3c ), an additional transcript (349 bp) missing 68 bp in exon 2 could be detected. This transcript was also detected in a human fetal brain 5 0 stretch library (data not shown).
Discussion
The XNP/ATR-X gene was originally thought to be exclusively involved in the X-linked mental retardation syndrome associated with a-thalassemia (ATR-X), but it is becoming clear that it is associated with several other XLMR syndromes. 6 Mutations in the XNP/ATR-X gene have been found in several X-linked mental retardation syndromes such as Carpenter -Waziri, Holmes -Gang, XLMRspastic paraplegia, and Juberg -Marsidi, Smith -FinemanMyers with various anomalies in multiple systems. 3 -8 In addition, Stevenson et al 6 proposed several other XLMR syndromes to be candidates for mutations in the XNP/ATR-X gene based on phenotypic similarities. Among these was the Chudley -Lowry, which has previously also been suggested to be allelic to ATR-X. 2 In the present study, we have demonstrated that indeed the ChLS is allelic to the XLMR-hypotonic facies syndromes. Figure 2 Immunoblot analysis and cellular distribution of XNP/ATR-X protein in a control, the ChLS proband and an ATR-X patient. (a) Total protein extracts were obtained from lymphoblastoid cell lines of a normal individual, the proband V-3 (p.R37X), and an ATR-X patient (p.R246C) resolved by SDS-PAGE, transferred to nitrocellulose membrane and probed with an anti-XNP antibody. Proband V-3 (lane 3) showed expression of anXNP/ATR-X protein similar in size to a normal individual (lane 1). As previously shown, the ATR-X patient (lane 2) failed to express the XNP/ATR-X protein.
14 (b) Lymphocytes from a normal individual, the proband V-3 (p.R37X), and an ATR-X patient (p.R246C) were immunolabeled with XNP 2H12 antibody (red signals). In the control (b1) and the proband (b2), XNP/ATR-X protein localized exclusively within the nucleus showing the normal pattern. 14, 28 By comparison, the distribution in the lymphocytes of the ATR-X patient (b3) revealed any or a very faint diffuse nuclear signal.
The ChLS is caused by a base substitution, c.109C4T in the XNP/ATRX gene, which results in a nonsense mutation, p.R37X. This mutation should theoretically give rise to a severe phenotype due to the extremely early truncation of the protein. Surprisingly, immunocytochemical and Western blot analyses revealed the presence of XNP/ATR-X protein in the cells of the affected patient. This finding may account for the less severe phenotype observed in the ChLS.
An alternative splicing event, occurring in the 5 0 region of the XNP/ATR-X transcript, could explain the presence of the XNP/ATR-X protein. Alternative splicing is now widely accepted as an important source of genetic diversity. To address this question, the 5 0 -end of the XNP/ATR-X transcript was analyzed in detail. We demonstrated the presence of an alternatively spliced form of the gene lacking exon 2. This transcript is apparently ubiquitously expressed albeit at a much lower level than the normal exon 2 containing transcript (Figure 3c ). Since exon 2 contains the p.R37X mutation, the presence of the exon 2 minus transcript could account for the mild CLS phenotype. Recently, a conserved truncated isoform of the XNP/ATR-X protein, which lacks the SWI/SNF-homology domain has been identified. 17 Identification of all XNP/ATR-X splice variants as well as elucidation of their functions may help to discover the exact role of this gene in various tissues. Alternatively, an event other than alternative splicing could also explain the mild phenotype. The presence of an apparently stable transcript containing the c.109C4T RT-PCR analysis was performed on RNA isolated from human embryonic, fetal, and adult tissues. The PCR products were generated using primers 5 0 H2 and 5'KR and analyzed on a 2% agarose gel. In addition to the normal transcript (417 bp), which is the most abundant, two alternative transcripts were also detected: the smaller transcript (304 bp) lacking exon 2 and the larger transcript (513 bp) resulting from the utilization of a different splice site at the 3 0 -end of exon 1. Moreover, in some tissues such as fetal liver, an additional transcript (349 bp) missing 68 bp in exon 2 could be detected. MW is a molecular weight marker.
alteration, which results in the p.R37X truncating mutation responsible, may reflect the utilization of a downstream methionine in exon 3, giving rise to a protein lacking exons 1 and 2.
These two alternative possibilities are consistent with the presence of a band at B280 kDa observed by Western blot analysis. The size is similar to the normal XNP/ATR-X protein. Alternative splicing or utilization of a downstream methionine will produce proteins differing from the normal protein by 4 or 6 kDa, respectively. Unfortunately, due to the size of the XNP/ATR-X protein it is not possible to determine which of these proteins is present on the Western blot based on size. This question requires utilization of more extensive protein analysis.
The p.R37X mutation has already been reported in a family with four patients affected by moderate to severe mental retardation and epilepsy. 18 The comparison of clinical features observed in patients from both families showed mental retardation (moderate to severe) in all affected individuals and distinct facial features in all patients from the present family and in only two of four from the family reported by Guerrini et al. 18 However, seizures were not observed in patients from the present family. In the family reported by Guerrini et al. 18 , only one patient was reported to be microcephalic, while in the present family, all three males had rather small head circumferences. This phenotypic variation suggests that the XNP/ATR-X protein, which belongs to the family of SWI/SNF DNA helicases, may influence the expression of several genes in multiple tissues during development. This hypothesis is supported by recent studies showing that the XNP/ATR-X protein is involved in a wide range of cellular functions including chromatin remodeling, regulation of the transcription, 15, 19 and functions not yet precisely defined. Thus, since the XNP/ATRX protein has multiple functional domains and likely interacts with many different proteins, variations in those proteins could explain the phenotype differences. Our findings as well as those previously reported support the previous hypothesis that other XLMR syndromes are candidates for mutations in the XNP/ATR-X gene. 4 -7,20,21 Additionally, testing is needed to determine if syndromes like XLMR-Arch Fingerprints-Hypotonia, Brooks, MilesCarpenter, Vasquez, and XLMR-Psoriasis may also be due to mutations in the XNP/ATR-X gene.
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